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Preparation and characterization of composites from starch with 
sugarcane bagasse nanofibres 
 
William Neil Gilfillan, Lalehvash Moghaddam, William O.S. Doherty  
Abstract 
This paper reports on the results of using unbleached sugar cane bagasse nanofibres 
(average diameter 26.5 nm; aspect ratio 247 assuming a dry fibre density of 1500 kg/m
3
) 
to improve the physico-chemical properties of starch-based films.  The addition of 
bagasse nanofibres (2.5 to 20 wt%) to modified potato starch ( i.e., Soluble starch) 
reduced the moisture uptake by up to 17% at 58% relative humidity (RH).  The film’s 
tensile strength and Young’s modulus increased by up to 100% (3.1 MPa to 6.2 MPa) and 
300% (66.3 MPa to 198.3 MPa) respectively with 10 wt% and 20 wt% fibre addition.   
However, the strain at yield dropped by 50% for the film containing 10 wt% fibre. 
Models for composite materials were used to account for the strong interactions between 
the nanofibres and the starch matrix.  The storage and loss moduli as well as the glass 
transition temperature (Tg) obtained from dynamic mechanical thermal analysis, were 
increased with the starch-nanofibre films indicating decreased starch chain mobility due 
to the interacting effect of the nanofibres.  Evidence of the existence of strong 
interactions between the starch matrix and the nanofibres was revealed from detailed 
Fourier Transform Infra-red (FTIR) and scanning electron microscopic evaluation. 
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Introduction 
Concerns by the general public to reduce the carbon footprint and issues surrounding 
disposal of fossil-based plastics that pollute the environment, by not being biodegradable, 
have led to stringent governmental legislations that are driving manufacturers to increase 
investment in the production of biodegradable materials.  Globally the market for 
biodegradable materials shows continued growth, for instance, the market doubled in size 
form 2005-2009  (Ho et al. 2012). Total consumption of biodegradable polymers is also 
expected to grow by 13% from 2009 to 2014 in Asia, Europe and North America (Ho et 
al. 2012). High prices and limited applications have led many researchers to focus on 
production of starch-based polymers, including those reinforced with lignocellulose fibre, 
as biodegradable plastic materials to replace the fossil-based plastics. The viability of 
producing biodegradable starch-based polymers is evident by these being marketed on a 
commercial scale, by trademarks such as: Mater-Bi
®
 (Novamont, Italy); Bioplast
®
 
(Biotech, Germany); Biopar® (Biopolymer Technologies AG, Germany); Novon™ 
(produced by Chisso in Japan and Warner Lambert in USA) and Plantic
®
 R1 (Plantic 
Technologies Ltd, Australia) (Halley 2005). In Australia, Plantic Technologies Ltd. has 
shown that conventional polymer processing equipment can be adapted and used for 
thermal extrusion to produce commercially viable starch-based biodegradable plastics. 
Despite thermoplastic starch products being commercially available, 
manufacturers are continually striving to find ways of economically improving their 
properties to make them more useful over a wider range of applications.  This is because 
thermoplastic starch is inherently soluble in water and has poor mechanical properties 
(Azeredo 2009). One approach to help address these shortcomings is by incorporating 
plant-based fibres as reinforcement. Unlike biodegradable polyesters, plant fibres added 
to starch gives improved compatibility because of the similarities between starch and 
plant fibres, resulting in improved starch matrix-fibre bonding and composite strength 
(Alemdar and Sain 2008a; Cao et al. 2008; Dufresne and Vignon 1998; Sain and Alemdar 
2006; Wan et al. 2009). An improved moisture resistance by using plant fibre, also, is 
related to the ‘hydrophobic’ character of the crystalline cellulose component in 
comparison to hydrophilic starch (Cao et al. 2008; Dufresne et al. 2000; Dufresne and 
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Vignon 1998; Svagan et al. 2009; Wan et al. 2009) Generally there is an advantage in 
using nanofibres compared with their larger microscale counterparts since nanofibres 
have a proportionally larger surface area for bonding with the starch matrix.  This favours 
improved fibre–matrix interactions and the performance of the resulting nano-composite 
material (Azeredo 2009). 
Although many lignocellulose fibre materials may be used to produce nanofibres, 
there is an important commercial economic advantage in using sugar cane bagasse as a 
lignocellulose fibre resource.  The high cost of collection and transport, usually required 
for other lignocellulose materials, is not required in the case of sugar cane bagasse.  Sugar 
cane bagasse is a by-product of the sugar manufacturing process and the abundant stock 
piles of sugar cane bagasse fibre, centrally located at sugar mills, gives them an economic 
edge over other lignocellulose fibres. As such, the focus of the present study is on starch-
based composites derived from sugarcane bagasse. It should be pointed out though, that 
starch-based composites reinforced with bacterial cellulose showed slightly higher tensile 
strength and modulus increases compared with the sugar cane bagasse nanofibre 
composites (Wan et al. 2009).  However, it is a more complicated process to incubate 
bacterial several days on a cultural medium then repeatedly wash and soak with NaOH 
solutions to obtain the bacterial nanofibres.   
There has been few articles that reported the preparation of nanofibres or 
nanocrystals from sugar cane bagasse (Bhattacharya et al. 2008; Bras et al. 2010; Hassan 
et al. 2009; Teixeira et al. 2011).  However, Bhattacharya et al. (2008) could not achieve 
the total release of all the individual nanofibres from the bagasse micro-fibrillar bundles 
that is needed for nanofibres to produce radical property enhancement in starch 
composites as in the case with wheat straw nanofibres (Alemdar and Sain 2008b) or using 
flax nanocrystals (Cao et al. 2008). In the articles by Hassan et al. (2009), Bras et al. 
(2010) and Teixeira et al. (2011) nano-crystals were isolated from bleached sugar cane 
bagasse pulp, by means of sulphuric acid hydrolysis.   
Producing nanofibres/nanocrystals using bleaching and acid hydrolysis methods 
creates issues in having to deal with the harsh chemicals that are not environmentally 
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friendly. The cost of the chemicals and problems in dealing with the wastewater 
treatment adds also to the commercial costs of such methods.  Furthermore, the structure 
of the cellulose nanofibres themselves can be damaged by excessive acid hydrolysis.  
However, the method used in the present study produced nanofibres using unbleached 
pulp and a mechanical pulping method aimed at addressing these issues.  
The present study complements the work of Vallejos et al. (2011) and Gilfillan et 
al. (2012b) on the beneficial effect of reinforcing starch films with sugar cane bagasse 
microfibres.  The study has characterized unbleached sugarcane bagasse nanofibres and 
examined the properties of starch-nanofibre films. The nanofibre aspect ratio was 
determined from sedimentation experiments, whereas the diameter distribution, directly 
measured from Scanning Electron Micrographs (SEM).  Film properties assessed 
included, moisture uptake, crystallinity, storage modulus (E′), loss modulus (E″) and 
glass transition temperature (Tg), besides thermal and mechanical tensile properties. 
Evidence on the extent of bonding between nanofibres and the starch matrix was proved 
by detailed analysis of Fourier transform infrared spectroscopy (FTIR) spectra as well as 
evidence provided by SEM micrographs.  
Materials and methods  
Materials 
The starch (brand named ‘Soluble starch’) derived from potato starch (25% amylose and 
75% amylopectin) was purchased from Sigma-Aldrich, St. Louis, MO USA.  Glycerol 
(Merck Kilsyth, Vic, Australia) was used as the plasticizer to reduce film brittleness.   
The sugar cane bagasse fibre, from which the nanofibre was derived, was obtained from 
Racecourse Mill, Mackay Sugar Limited, Mackay, QLD, Australia.  It was thoroughly 
washed, dried and de-pithed using a 10 mm screen shaker.  Once dried, the bagasse was 
pulped and then refined to produce nanofibres that were separated out by a water 
gravitational screening method.   
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Nanofibre preparation   
Pulping bagasse 
The bagasse was delignified using the soda pulping method with a liquor/fibre ratio 
of 12. In this process, de-pithed, cleaned and air dried sugar cane bagasse was weighed 
out to 1200 g and pre-treated with 210 g of NaOH dissolved in 4 L of water, which was 
poured onto the bagasse and left to soak for half an hour.  This pre-treatment helped 
initiate the removal of lignin from the bagasse fibres.  Afterwards, the mixture was placed 
into an 18.5 L Parr reactor, along with 8 L of water.  The Parr reactor lid was tightly 
bolted onto the pressure vessel and the temperature sequentially stepped up until 170°C 
was reached, at 106 psi gauge pressure.  The bagasse after being pulped at this 
temperature for 70 min was washed several times with water until the wash water became 
clear and the pulp residue was clean.   
Refining bagasse pulp to produce nanofibres 
The nanofibres were produced using the paper refining method.  The bagasse pulp 
was diluted to a 1.57 wt% aqueous slurry solution and placed in a disintegrator, operated 
at approximately 7,500 r/min for 10 min to break up the pulp fibre.  The disintegrated 
pulp slurry was then recirculated through a machine called a ‘Valley beater’ to further 
mechanically shred the fibres between a metal rotor and stator head that have bars with a 
small clearance (1 mm or less).  The Valley beater was operated 0.5 h, to achieve the 
desired Canadian Standard Freeness test (Tappi standard number T 227) (Technical 
Association of the Pulp & Paper Industry 2009). After only 240 mL water from 1 L of 
pulp slurry passed through the screen, this indicated nanofibre separation had occurred 
and the beater operation was ceased to prevent rotor/stator damage (Zhang et al. 2012).   
The nanofibres were now separated from the refined slurry by diluting it to a solids 
concentration of 0.10 wt% and poured into a 1m diameter (80 L) vessel having an 
impeller inside with a 200 mesh (stainless steel) on the bottom for screening.  As the 
slurry was agitated by the impeller, water continuously flowed by gravity through the fine 
screen carrying nanofibres.  A water flow equivalent to that being drained out was 
simultaneously added to the top of the vessel to constantly maintain the fluid level. 
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Initially the liquid drained from the tank had a misty appearance because of the presence 
of nanofibres.  However, the liquid flow became clear after nanofibre separation reached 
effective completion, since few nanofibres were then being extracted.  Each 80 L run of 
0.1 wt% solids solution required 160 L to be drained from the tank before nanofibre 
extraction was complete.  The buckets used to collect the nanofibre solution were left to 
stand overnight which allowed the fibres enough time to sediment out of solution.  Fibres 
were then concentrated by decanting off the clear top water. The resulting thick nanofibre 
slurry was further de-watered by vacuum filtration.   
The nano-fibre pulp was kept refrigerated to prevent any microbial degradation 
and placed into waterproof bags to prevent moisture loss.  It is important to keep the 
nanofibre-pulp relatively ‘wet’ because if the fibres ever became dry they would bond 
permanently together and become almost inseparable.    
Compositional analysis of sugar cane bagasse and nanofibre pulp 
Compositional analysis of the nanofibres was carried out using the procedure 
reported by  National Renewable Energy Laboratory (Sluiter et al. 2008) for carbohydrate 
analysis. 
Film preparation method 
Starch (15.0 g) and glycerol (3.6 g) were thoroughly mixed together before 450 mL 
distilled water was added to prepare a 4 wt% solution.  Bagasse nanofibre was then added 
at 0.000, 0.375, 0.750, 1.500 and 3.000 g (dry basis) loading to produce 0, 2.5, 5, 10 and 
20 wt% based on a starch weight basis.  Each mixture was boiled while stirring 
vigorously for 30 min and then allowed to cool to 75 °C before being cast on a non-stick 
tray and placed in a 65 °C oven to dry.  To avoid crystallisation of the cast films, a drying 
temperature of 65 °C was selected to help produce an amorphous film (Lafargue et al. 
2007).  It was desirable to have an amorphous film so that the degree of crystallinity can 
be attributed to other processing conditions or starch properties.  The cast film thickness 
varied between 0.25 and 0.35 mm.  
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Uniform films were prepared by grinding cast film fragments using liquid nitrogen 
in a mortar and pestle (i.e. cryo-crushing) then hydrating the fine particles produced to 24 
wt% moisture prior to hot pressing.  Hot pressing was conducted in a brass plate mould 
(90 mm x 60 mm x 1 mm) for 15 min at 150 °C between non-stick sheets.  A force of 7.5 
t (m) was applied and maintained during the cooling period until 65 °C was reached to 
avoid foaming of the film caused by escaping steam bubbles. 
Bagasse nanofibre diameter determination 
Scanning electron microscopy (SEM) was used to determine the nanofibre particle 
size distribution and morphology from digital photomicrographs.  The SEM images were 
produced using a field emission scanning electron microscope JSM-7001, JEOL Ltd, 
Japan.  The suspension of nanofibres was dispersed in water forming a dilute slurry by 
the ultrasonic process.  Several drops of the nanofibre solution were place onto a glass 
slide that was oven dried at 105°C.  The dry nanofibre samples were then coated with a 
thin film of gold by a Leica SCD005, ion sputter coater and observed under high vacuum 
using the FE-SEM operating at 15.0 kV.  Magnification of between 19,000 and 30,000 
times was used to produce detailed images of the nanofibres.  However, the magnification 
at 30,000 times was used to determine the fibre diameter. 
SEM micrographs were used to analysis the nanofibre-film after mechanical testing 
where the fractured film surface of the samples used for tensile testing was examined. 
The ZEISS-SIGMA VP field emission scanning electron microscope, from Carl Zeiss 
NTS, Ltd. Germany, was used for the analysis.  Samples were securely mounted onto a 
small metal pedestal, with a small piece of double sided sticky carbon tape.  The 
operating voltage was 4.00 kV for most of the SEMs.  However, several were made at 
0.86 kV for greater clarity and to avoid burning of the delicate nanofibres. The 
magnification was varied from approximately 22,000 to 58,000 times.       
Bagasse nanofibre aspect ratio determination 
 
The nanofibre lengths were not possible to be determined from the SEM images 
because the fibres are so intertwined with one another.  The nanofibre aspect ratios were, 
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however, approximated by sedimentation experiments following the method presented by 
Zhang et al. (2012). Sedimentation height was measured in relation to the nanofibre 
concentrations of 0.025, 0.050, 0.10, 0.20, 0.40 and 0.60 kg/m
3
. 
The aspect ratio determination using a sedimentation method that was initially 
proposed by Martinez et al. (2001) for wood pulp fibres, to which  Zhang et al. (2012) 
had applied it to wood pulp nanofibres.  In this case the method was applied to sugarcane 
bagasse nanofibres. The aspect ratio was deduced from the gel point fibre concentration, 
the point where a continuous fibre network in suspension just begins to form.  One 
possible problem using this method, as pointed out by Varanasi et al. (2013) was that the 
visible sedimented nanofibre layer needs to be hundreds of nanometres in size to be seen.  
It could be that an undetected top nanofibre sediment layer may not be accounted for 
when measuring the overall sediment height.  However, results using an alternate method 
successfully used by Varanasi et al. (2013) by studying the suspension rheology, that 
avoids this problem, gave similar results to the sedimentation method. 
In the settling method, a graph of different solid concentrations (C0) is plotted 
against the ratio of sediment height (hs) to initial suspension height (h0) (Fig. 4).  The 
linear slope term of this plot gives the gel concentration (gc).  Martinez et al. (2001) 
found there existed a linear relationship between the gel concentration that was estimated  
from sedimentation and the experimentally measured ratio of 2flw , where w  is the fibre 
coarseness (mass per unit length) and fl  is the fibre length.  Using a slope of 33 that was 
used by Zhang et al. (2012) and Martinez et al. (2001) this gave  the determination of 
cg shown by Equation 1 (Zhang et al. 2012). 
233 fc lwg       Equation 1 
 
The fibre coarseness is given by Equation 2 (Zhang et al. 2012) 
   2
4
Dw      Equation 2 
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where D is the fibre diameter   2
4
D  equals the cross sectional fibre area and  is the 
density of cellulose nanofibres (1500 kg/m
3
 for dry fibre). The aspect ratio, 
D
l
A f , 
can then be determined from Equation 3 (Zhang et al. 2012) 
 
33
41
2
2
2
c
f
g
l
D
A
     Equation 3 
 
where all of the terms have been previously defined.  Rearranging Equation 3 gives the 
aspect ratio as determined by Equation 4. 
c
f
gD
l
A
4
33
     Equation 4 
The assumptions for these equations are that the fibres could be treated as single 
cylinders with uniform cross-sectional areas and the interactions of entangled fibres as 
shown in the SEM is ignored.  The other limitation was that the settling equations are 
based on softwood and hardwood pulp fibre and that the sedimentation only depended on 
the fibre aspect ratio (Martinez et al. 2001).  This relationship however may not apply to 
nanofibres with a fibre diameter three orders of magnitude smaller than pulp fibres 
(Zhang et al. 2012).   
The actual fibre density to use is not certain, because fibres in solution absorb water.  
Using the same fibre density as the cell wall (dry density) approximately 1500 kg/m
3
 may 
not be appropriate (Zhang et al. 2012). Cellulose nanofibres likely uptake water into the 
fibre structure while suspended in water, reducing the density (Varanasi et al. 2013). 
There appears to be tightly and loosely bound water associated with cellulose fibres 
(Perkins and Batchelor 2012). It was estimated that for fibre containing tightly bound 
water the density may be 1333 kg/m
3
 and for loosely bound connected fibre assemblies 
with water between the fibres a possible density of 1166 kg/m
3
 may be considered 
(Varanasi et al. 2013).  Three densities were each used to determine the aspect ratios 
based on sedimentation data (Table 2).  The aspect ratio was reduced only by 
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approximately 12% in going from the highest (1500 kg/m3) to the lowest (1133 kg/m3) 
density estimate. 
Moisture conditioning  
All films were placed into a relative humidity (RH) chamber that contained a 
saturated aqueous salt solution of NaBr that created a 58 %RH atmosphere at 23°C 
(Greenspan 1976). The films were left in the chamber until they reached moisture 
equilibration with the 58 %RH atmosphere. Moisture uptake was determined gravimetrically 
based on the average of four sample measurements.  
Wide angle X-ray diffraction and crystallinity 
 
X-ray powder diffraction (XRD) was performed by a diffractometer (XPERT-PRO) 
using Cu-Kα1 radiation (λ = 1.5406 Å) and Cu-Kα2 radiation (λ = 1.5444 Å) at 40 kV and 
40 mA with a divergent slit fixed at 0.5° and a 0.5 mm receiving slit, without using any 
monochomator.  The scanning range was between 2θ = 4° and 2θ = 30° with a step size 
of 2θ = 0.0167°.  Wide angle X-ray diffractograms of the starch films were made by 
exposing the film samples cut into approximately 15 mm × 20 mm rectangular shapes to 
the X-ray beam.  The degree of bulk crystallinity ( cX ) of the films was determined using 
the method described by (Dai et al. 2008) using the Equation 5: 
 /c c c aX A A A                                             Equation 5  
where cA  refers to the sum of the crystallized peak areas above the amorphous 
area and aA  refers to the amorphous area on the X-ray diffractogram. 
Thermogravimetric Analysis 
Thermogravimetric analysis (TGA) and differential thermal gravimetric (DTG) 
analyses of the samples were performed using a TA instrument model Q500 (New Castle, 
DE 19720, USA) at a heating rate of 5°C /min from ambient temperature to 800°C.  A 
nitrogen atmosphere with a sample flow rate of 60 mL/min and balance flow rate of 40 
mL/min was used to avoid the production of unwanted products in the presence of 
oxygen during analysis (Rodriguez et al. 2010).  The estimate of the standard deviation 
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(absolute) for the TGA technique, based on duplicate experiments (10 degrees of 
freedom) is 0.22%. 
Tensile testing 
Tensile tests were performed on dumbbell-shaped specimens.  These were 
punched out from freshly hot-pressed 1 mm thick films based on the ASTM Standard 
(ASTM 1996)  Type M-III die for tensile testing (ASTM 1996, 2008).  Each sample was 
conditioned in a controlled atmosphere of 58%RH at 25°C until a constant moisture 
weight was reached at equilibrium (approximately 10 days).  An Instron 4505 tensile 
testing machine equipped with a 100 N load cell for enhanced sensitivity was used to 
measure the tensile stress.  Soft grips were employed to help prevent the delicate starch 
polymer specimens from being damaged by the machine grips.  A cross-head speed of 5 
mm/min was used during testing.  Testing was performed on a minimum of five 
specimens for each humidity condition.   
Dynamic Mechanical Thermal Analysis 
Dynamic mechanical analyses (DMTA) was performed on a DMTA IV from 
Rheometric Scientific in the tensile mode. The width and the length of the samples were 
5.6 mm and 30 mm respectively. Samples were clamped at each end in the machine, and 
tested in the tensile mode at a constant strain rate of 0.01 % and a frequency of 1 Hz.  The 
range of temperature scanned was approximately from -70°C to 100°C at a heating rate of 
2°C/min.  Liquid nitrogen was used for cooling the samples.  A thin coating of petroleum 
jelly was applied to the outside of the films to avoid water evaporation and impact on  the 
glass transition temperature (Tg) values.   
Fourier transform-Infrared spectroscopy analysis 
Infrared spectra were collected using a Nicolet 870 Nexus Fourier transform 
infrared (FTIR) spectrometer equipped with an attenuated total reflection (ATR) 
accessory (Madison, WI, USA). Using this system, small pieces of polymer film were 
brought directly into contact with the ATR objective diamond crystal using slight 
pressure in order to collect the spectrum.  Spectra were collected in the spectral range of 
4000 to 550 cm
-1
, using 64 scans at a resolution of 4 cm
-1
.  The absorption spectra of the 
samples obtained were corrected against the background spectrum.  Spectra were 
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manipulated and plotted with the use of the Galactic 187 Industries Corporation 
GRAMS/32 software package (Salem, NH, USA). The final FTIR spectra were 
normalised with respect to the distinct peak located at 1150 cm
-1
 since this peak was the 
least changed among the FTIR spectra for the composites.   
Statistical analysis 
Analysis of variance (ANOVA) and tests of significance were performed with 
Minitab® version 16 (State College, PA, USA) using a confidence level of 95%. 
Results and discussion 
Physico-chemical properties of sugarcane bagasse and bagasse nanofibre  
The composition of (depithed) bagasse and bagasse nanofibre are shown in Table 1.  
The data show, as expected that soda pulping has significantly reduced the lignin and to a 
lesser extent hemicellulose content, and has accordingly increased the cellulose 
component.  Pulping under alkaline conditions alone results in significant delignification 
with minimum glycosidic bond breakage of cellulose.  However, when pulping under a 
combined process of alkaline treatment and acid hydrolysis, the acid hydrolysis may 
cause excess damage to the cellulose fibres decreasing their reinforcing effect 
(Bhattacharya et al. 2008). 
 
Table 1 Compositional analysis (wt%) of sugar cane bagasse and bagasse nanofibre 
 
 
 
 
 
 
 
 
 
 
 
Component 
 
Bagasse 
fibre 
Bagasse   
nanofibre 
Cellulose 41.5 65.7 
Lignin 28.4 10.0 
Hemicellulose 24.1 18.5 
Ash 4.0 6.7 
Total 98.0 100.9 
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Fig. 1 SEMs of sugar cane bagasse nanofibres derived from the pulp refining method at 
(a) 19,000 x and (b) 30,000 x magnification   
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Sugar cane bagasse nanofibre diameter size distribution  
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(a) (b) (c) (d) (e) (f) (g) 
The method for determining the bagasse nanofibre diameter was by careful 
measurement directly from the (30,000 x magnification) SEM printed image in Fig. 1b.  A 
total of 400 measurements were made to produce the diameter size distribution (Fig. 2). The 
results show in general a normal type of frequency size distribution.  The diameters range 
from as small as 12 nm to as large as 50 nm, with 24.6 nm as the numerical average particle 
diameter (Fig. 1 and 2). 
Figure 3 shows the settling heights of the various nanofibre concentrations.  The 
settling data gives a slightly curved set of data points overall when initial nanofibre 
concentration is plotted against the ratio of nanofibre sediment height (hs) over initial 
nanofibre height (h0) that is (hs/h0) of the suspensions (Fig. 4). Initially, at the very low 
concentrations, a straight line set of data points from the origin up to a fibre concentration 
of 0.10 (kg/m
3
) seems evident. However, as fibre concentration is increased a slight curve 
becomes evident, due to increased fibre interactions and entanglement, as shown in Fig. 4.    
 
 
 
 
 
 
 
 
 
 
 Fig. 3 Settling heights of sugarcane bagasse nanofibres at: (a) 0.60, (b) 0.40, (c) 0.20, 
(d) 0.15, (e) 0.10, (f) 0.050 and (g) 0.025 (kg/m3) solids 
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The ‘linear slope term’ derived from the linear and quadratic fitting equations 
(from the settling data plot) gave the cg  values of 1.3171 and 0.6371 (kg/m
3
), 
respectively (Table 2).  Using a dry fibre density of 1500 kg/m
3
 the aspect ratios of 172 
and 247 were determined using the cg values derived by the linear and quadratic 
regression equations, respectively (Fig. 4 and Table 2).  However the R
2
 value for the 
quadratic fit equation was 0.9987 giving a more accurate straight line slope value than the 
linear fit equation with an R
2
 value of 0.9483.  The linear fit equation gives too large a 
linear slope term and overestimates the gel point solids concentration, giving too low an 
aspect ratio. Clearly from the data plot there is a curved relationship for the settling 
height ratio (hs/h0) as fibre concentration is increased. This curved result is a similar result 
to those for some wood nanofibres (Varanasi et al. 2013; Zhang et al. 2012).  The results 
of Table 2 also show that the aspect ratios for wet fibres are lower than that of the dry 
fibre as they have lower fibre density. 
 
 
                                                                                                                                                                                                                                                                            
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Nanofibre initial concentration vs. nanofibre sediment height (hs)/initial height (h0) 
of suspensions with: (a) linear trend line and (b) quadratic trend line. 
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Table 2 Aspect ratio determined by linear slope term from regression equation data  
Fitting equation 
cg  
(kg/m
3
) 
linear term 
R
2
 
Potential 
density 
(kg/m
3
) 
Aspect 
ratio  
(l/d) 
(a)       Linear regression:  
            y = 1.3171x 
1.3171 0.9483 
1,500 172 
1,333 162 
1,166 151 
(b)       Quadratic regression: 
            y = 2.1476x
2
 + 0.6371x 
0.6371 0.9987 
1,500 247 
1,333 233 
1,166 218 
 
These values are larger than the aspect ratio values 116 to 137 (l/d) for nanofibre 
prepared from softwood pulp using the same (Valley beater) treatment method (Zhang et 
al. 2012) for nanofibres without and with NaOH treatment, respectively.  This may 
simply be due to differences of fibre source. Nonetheless, Zhang et al. (2012) operated 
the Valley beater for approximately 1 h to obtain  nanofibres, whereas in this study it took 
half that time or 0.5 h.  Operating the Valley beater for a longer period of time, may 
decrease the aspect ratio of the nanofibres due to mechanical damage. Differences in 
processing times may be due to differences in the plant species lignocellulosic fibre from 
which the nanofibres were derived.  
Nanofibres from sugarcane bagasse produced by the pulping/Valley beater method 
also had higher aspect ratios than those produced by the pulping/homogenisation/acid-
hydrolysis method of Bhattacharya et al. (2008) producing nanofibres with an aspect ratio 
from 50 to 120.  The reason for the lower range of aspect ratio may be due to the fibres 
breaking into shorter lengths when exposed to the harsh acid hydrolysis conditions. 
Bhattacharya et al. (2008) acknowledged that excessive acid hydrolysis resulted in 
extensive cellulose crystal damage.  
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Moisture uptake 
The results obtained with nanofibre addition on moisture uptake are shown in 
Table 3. The films were all conditioned at 58% RH because this is the typical humidity 
for most ambient conditions under which the film would be used for packaging materials.  
The film without any nanofibre absorbed the most moisture at 14.3 wt% whereas films 
containing nanofibre, regardless of the fibre content, all absorbed approximately 12 wt% 
moisture, a reduction in the moisture content by approximately 15 %.  This decrease in 
moisture is less than the decrease of 30% obtained while using sugarcane bagasse 
microfiber (Gilfillan et al. 2012a).  As shown in Table 1, pulping of bagasse (prior to the 
formation of the nanofibres) while reducing the proportion of the hydrophobic lignin 
polymer, exposed the more hydrophilic cellulose surface for moisture absorption. The 
increased proportion of hydrophilic hemicellulose content may also contribute towards 
greater moisture absorption. On the basis of these composition features, the differences 
observed between micro- and nano-based composites could be explained.  Moisture 
decreases were also found using other nanofibres derived from tunicin (Angles and 
Dufresne 2000), potato pulp (Dufresne and Vignon 1998), bacterial cellulose (Wan et al. 
2009) wood (Svagan et al. 2009) and flax nanocrystals (Cao et al. 2008). Reasons for 
the reduced moisture uptake are: the increased tortuous diffusion pathway by the 
cellulose fibres physically impeding water molecules; the rigid fibrous network  
 
Table 3 Statistical significance of mean physical & thermal properties of Soluble 
starch-nanofibre films conditioned at 58% RH* 
 
Nanofibre 
+
 
(wt%) 
Moisture 
(%) 
Crystallinity 
(%) 
T0  
(°C) 
Tmax  
(°C) 
0.0 14.3a 16.2b 268.7a 305.6b 
2.5 12.0b 17.5b 267.3ab 311.4a 
5.0 11.8b 18.6ab 262.5cd 312.8a 
10 11.8b 19.9ab 260.7d 312.8a 
20 11.7b 24.4a 264.2bc 312.6a 
* Figures under each property with the same letters are not significantly different (P > 0.05). 
+
 nanofibre wt% based on starch weight 
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formed by hydrogen bonding between adjacent nanofibres constraining the swelling of the 
amylopectin matrix; and the strong hydrogen bonding between nanofibres and the starch 
matrix restricting polymer chain mobility. 
Differences between the results obtained with nanofibres and microfibers may also 
be related to the way the fibres are aligned.  Figure 1 (a) and (b) shows that nanofibres 
tend to have a network arrangement, due to their high aspect ratio, which may allow 
channels to be created for moisture to pass through.  Microfibres with their smaller aspect 
ratio tend to not have to the same extent a network arrangement.  
Table 3 data for films conditioned at 58% RH, shows that as the crystallinity 
increased from 16.2% without fibre to 17.5% with 2.5 wt% fibre, the moisture content of 
the film decreased.  This is expected as the amorphous content of the bulk materials has 
decreased as well as displacement of the more hydrophilic starch molecules by the 
nanofibres. 
It was expected that increasing nanofibre content from 2.5 to 20 wt% would 
decrease film moisture uptake due to the cellulose fibres displacing more of the starch 
molecules, which are comparatively more hydrophilic.  This did not occur.  However, the 
proportional increase in lignin content with increasing nanofibre load may have had a 
detrimental effect on moisture uptake.  Lignin has been shown to interfere with hydrogen 
bonding between the fibres, glycerol and starch (Le Digabel and Avérous 2006).  Similar 
results were observed when microfibers were added to starch film in previous 
experiments conducted by the authors (Gilfillan et al. 2012b). As mentioned previously 
the proportion increase in hemicellulose content in the nanofibres with increasing fibre 
loading may also have contributed towards moisture uptake, since hemicellulose is 
hydrophilic (Grondahl 2003).  The moisture uptake associated with compositional 
features may have been cancelled out by crystallinity increase and a reduced proportion 
of hydrophilic starch molecules. 
Crystallinity 
Crystallinity of the films increased with increasing fibre content, even though the 
moisture content remained relatively constant at approximately 12 wt% (Table 3).  It has 
previously been shown that increased starch film moisture uptake results in increased 
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crystallinity and this was explained by the increased moisture softening the film, allowing 
starch chains to move more freely and readily crystallize (Gilfillan et al. 2012b). 
However, the addition of nanofibre has lowered moisture uptake and this will reduce 
starch retrogradation (crystallization), increase the glass transition temperature (Tg) and 
overall lower the film starch matrix crystallinity. Furthermore, if the nanofibres are 
strongly bonded with the starch matrix, this would additionally restrict starch polymer 
chain movement and crystal formation.  In this project, all films were subject to the same 
conditions, which should result in similar amounts of starch crystallization.  Therefore the 
increase of bulk film crystallinity is probably due to the increased crystallinity from the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Diffraction patterns of hot-pressed nanofibre films (conditioned at 58% RH) 
containing from bottom to top: 0, 2.5, 5.0, 10, 20 and 100 wt% sugarcane 
bagasse nanofibres 
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increased nanofibre cellulose film content.  Crystallinity increases were generally shown 
to be statistically significant (Table 3) in line with the nanofibre content.  
The X-ray diffraction patterns of the films (Fig. 5) reveal the increase in the profile 
of the prominent cellulose crystalline peak at 22° (2θ) as the nanofibre content increased.  
Although the crystalline starch peak (B type starch crystallinity 17° and 19.5° (2θ) peaks) 
and cellulose peak both overlap near 22° (2θ) the prominent cellulose peak at 22.2° (2θ) 
and the quartz peak (soil contaminant) at 26.6° (2θ) both show increased profile heights 
in relation to the other peaks with increased nanofibre content. The 22.2° (2θ) peak 
increased in height until it protruded above the 17° (2θ) crystalline starch peak at 20 
(wt%) nanofibre content.  These indications imply that increased bulk crystallinity of the 
film was likely not due to increased starch crystallinity, but instead the increased 
crystallinity caused from increased nanofibre (cellulose) content. Note that the small 
sharp quartz peak is due to soil contaminant (embedded in the cell wall) inherent in the 
sugar cane fibre, is small enough not to contribute towards the overall bulk crystallinity 
of the films (<1%). No unidentified crystalline peaks were present, therefore it was 
assumed transcrystallisation (crystallinity between fibre surface and starch) (Angles and 
Dufresne 2000) did not occur and the nanofibre did not promote starch crystallisation or 
act as a crystallizing nucleating agent.  
Thermal degradation 
Thermal degradation of Soluble starch nanofibre films, after water loss, is 
essentially a two stage process with a shoulder at 268 °C (Fig. 6) associated with thermal 
decomposition of the hemicellulose component of the bagasse nanofibre (Maliger et al. 
2011).  T0 values for the film containing fibre is lower, than the film with no fibre (Table 3) 
because of decomposition from the relatively unstable hemicellulose component of 
bagasse nanofibre.  To decreased from 270 to 261 °C for nanofibre loadings of 0 and 10 
(wt%) respectively. 
The Tmax for the films was increased because of the thermal resistance imparted to 
the starch-nanofibre film due to the cellulose and lignin components of the fibre that 
degrade at higher temperatures (Maliger et al. 2011).  Tmax increased from 306°C for 
films with 0 wt% nanofibre to approximately 313°C for all films containing nanofibres  
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Fig. 6 TGA of hot-pressed Soluble starch containing 10 (wt%) sugarcane bagasse 
nanofibre 
(Table 3 and Fig. 6).  The higher Tmax value obtained is probably related to higher 
crystallinity of the cellulose component of the nanofibre. 
The char of approximately 12 wt% remaining after heat treatment to 800°C for 
nanofibre films was slightly higher than the char value of 10 wt% obtained for hot-
pressed Soluble starch film with no fibre (Gilfillan et al. 2012a).  The relatively small 
increase in char for the starch nanofibre films is probably due to the carbon/inorganic 
residue of the less volatile fibre components resisting complete degradation. Although not 
reported here, further char weight reduction occurred when the temperature was increased 
up to 1000°C.  
Tensile testing results 
Tensile test results show there was a dramatic decrease in the strain at yield and 
strain at break with the starch-fibre films (Table 4). This is due to the fact that the 
increase in crystallinity results in increase in the rigidity of the films and hence increase.  
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Table 4 Statistical significance of mean tensile properties of starch films (conditioned 
at 58% RH)* 
Nanofibres 
+
 
(wt%) 
Young’s 
modulus 
(MPa) 
Max. Tensile 
Stress 
(MPa) 
Strain at yield 
(%) 
Strain at break 
(%) 
0.0 66.3d 3.1d 42.5a 49.4a 
2.5 152.8c 4.8c 32.4b 39.0b 
5.0 172.6bc 5.3bc 27.7c 31.0c 
10.0 181.1ab 6.2a 19.0d 20.5d 
20.0 198.3a 5.8ab 13.4e 14.5e 
* Numerical values under each property with the same letters are not significantly different     
(P > 0.05) and values are the mean of at least 7 repeats. 
+
 nanofibre wt% based on starch weight 
in tensile properties. The strain at yield and strain at break decreased by up to 70% for 
film containing 20 wt% nanofibre compared to the film with no nanofibre. The decrease 
found was comparable to the value obtained when using sugarcane microfibre (Gilfillan 
et al. 2012a; Gilfillan et al. 2012b) 
Tensile strength and Young’s Modulus for the starch-fibre films are significantly 
higher than the films without nanofibre (Table 4) or those reported on microfibers by 
Vallejos et al. (2011); Prachayawarakorn et al. (2010); Gilfillan et al. (2012a).  The film 
tensile strength increased from 3.1 to 6.2 MPa for films with 0 and 10 wt% nanofibre 
respectively.  However, the strength decreased to 5.8 MPa with the addition of 20 wt% 
nanofibre.  The Young’s modulus increased from 66 to 198 MPa for films with 0 and 20 
wt% nanofibre respectively. As such, the addition of nanofibre increased the film tensile 
strength and Young’s Modulus by up to 100% and 200% respectively.  
Wheat-straw nanofibre starch/glycerol films containing up to 10 wt% wheat-straw 
nanofibres (based on dry nanocomposites wt) increased in tensile strength and Young’s 
modulus by 72 and 144% respectively compared to films with no fibre (Alemdar and 
Sain 2008a). This is not as large a result achieved in this study (100 and 200% 
respectively). The wheat straw nanofibres have similar diameters (30 to 40 nm), aspect 
ratios (90 to 110) and lignin content (approx. 10 wt%) but one third the hemicellulose 
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(6.0%) compared with that of the sugar cane bagasse nanofibres in this study. For 
lignocellulose fibres, the presence of lignins (less polar than cellulose) (Pouteau et al. 
2003) decreases the adhesion and the load transfer at the starch matrix-fibre interface 
reducing the maximum tensile strength of the composite (Averous and Boquillon 2004).  
The presence of hemicellulose may have acted as a coupling agent for the lignin 
(hydrophobic) with the (hydrophilic) starch matrix and nanofibre to improve overall 
composite strength.  
Flax nanocrystal starch/glycerol films containing up to 10 wt% nanocrystals 
increased the tensile strength and Young’s modulus by up to 95 and 466% respectively 
compared to films without fibre (Cao et al. 2008). The increase in strength is similar to 
that obtained in this study, but the Young’s modulus increase was much greater.  
Furthermore, as flax nanocrystal content increased to 20 wt% or more the tensile strength 
and Young’s modulus continued increasing.  It should be noted that the flax nanocrystals 
have a small aspect ratio (10 to 50) and sulphate groups attached to the surface gave them 
a slightly negative charged preventing the nanocrystals from agglomerating at higher 
loadings in solution (due to electrostatic repulsion).  This assists the crystals to distribute 
more evenly throughout the film creating more effective bonding with the starch matrix. 
Bacterial cellulose nanofibre starch/glycerol composites reinforced with only 7.8 
wt% nanofibre showed an increased tensile strength and Young’s modulus of 103 and 
112% respectively compared to film with no fibre (Wan et al. 2009).  These are slightly 
higher tensile strength and modulus increases compared with the sugar cane bagasse 
nanofibre composites at 10 wt% nanofibre loading.  However at bacterial nanofibre 
loadings of 15.1 wt% or more, the strength and modulus increased by a decreasing 
amount, unlike the flax nanocomposites.  
In this study increased bagasse nanofibre content from 10 to 20 wt% caused a 
decrease in strength and only slight increase in the Young’s modulus (Table 4). This may 
be attributable to nanofibre agglomeration since they are strongly attracted to each other by 
their polar nature and because of their high aspect ratio, causing the nanofibres may overlap 
and intertwine with each other. Overloading the film with fibre may also contribute towards 
a loss of strength where discontinuity of the starch matrix around the fibre may occur.   
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Fig. 7  The maximum tensile strength ratio (σcomposite/σmatrix) change with nanofibre 
volume fractions (circles) and a generalized strength ratio model (dashed line) 
(Vörös and Pukánszky 1995)     
A model equation for the relationship between the maximum strength ratios and 
composite fibre volume fraction (dashed line) (Fig. 7) proposed by Vörös and Pukánszky 
(1995) is given by Eq. 6.  
 
f
f
f
matrix
composite
vC
v
v



 exp
5.21
1


   Equation 6 
where σcomposite and σmatrix are the max. strength of the fibre-filled composite and the 
starch-matrix (without containing any fibre) respectively and fv  the  nanofibre volume 
fraction.  C is a constant based on the fibre surface area and density, as well as properties 
of the interphase and σmatrix (Vörös and Pukánszky 1995).  However, the assumption for 
this equation was that the maximum tensile strength (yield stress) changed proportionally 
to the amount of filler added. In the case of using crystalline microfibres the relationship 
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generally correlated well (Averous and Boquillon 2004). In the case of using nanofibres 
in this study, however, there were noteworthy deviations from the model.  The maximum 
strength ratios (Fig. 7) show an initial strong increase (jump) in composite strength, with 
only 2.5 wt% fibre added.  This is indicative of a continuous fibre network, and so within 
this fibre content range, the nanofibres are not acting as fillers.  This perhaps explains 
why the data does not fit the model (Eq. 6).  The increase in strength as fibre content 
increased from 2.5 to 10.0 wt% indicates strong nanofibre-matrix adhesion.  However, 
the decreased strength when 20 wt% fibre was added, does not fit the model (Eq. 6).   
 The modulus ratio (Fig. 8) also shows an initial sharp rise with 2.5 wt% nanofibre 
added, then a gradual leveling off as fibre content increased.  The generalized modulus 
ratio equation model (Eq. 7) does not account for the initial increased stiffening of the 
film due to the strong nanofibre bonding or network formation.  The Young’s Modulus 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8  The Young’s modulus ratio (Ecomposite/Ematrix) change with nanofibre volume 
fraction (circles) and a generalized modulus ratio model (dotted line) (Nielson 
and Landel 1994)    
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leveling off with further fibre addition, also is not accounted for.  The modulus ratio 
equation used was Eq. 7 (Nielson and Landel 1994) 
f
f
matrix
composite
vB
vBA
E
E



1
1
   Equation 7 
where Ecomposite and Ematrix are the Young’s modulus of the fibre-filled composite and the 
unfilled starch-matrix film respectively and fv  the film nanofibre volume fraction. A is a 
constant based on the fibre aspect ratio while B is a constant based on the ratio of the 
Young’s modulus of the fibre and starch-matrix as well as A.   is based on the fibre 
packing factor and fv  (Nielson and Landel 1994).  The assumption for Eq. 7 was that the 
composite contained random bulk oriented fibres (isotropic and homogeneous).  This 
model (Eq. 7) seems a good fit for crystalline microfibre (Averous and Boquillon 2004) 
but not for the nanofibres used in this study. 
 
 
 
 
 
 
 
 
 
 
Fig. 9  The ratio of the elongation at break (εcomposite/εmatrix) vs. nanofibre volume 
fractions (circles) and a generalized elongation ratio model (dashed line) 
(Nielson and Landel 1994).   
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The ratio of the elongation at break of the fibre-composite and starch-matrix film, 
decreases with increased fibre content (Fig. 9). The data was approximately fitted (dashed 
line) to the model of Eq. 8 (Averous and Boquillon 2004)   
 mf
matrix
composite
v 1


    Equation 8 
where εcomposite and εmatrix are the elongation at break of the fibre-composite and starch-
matrix films respectively and fv  the  nanofibre volume fraction.  The index m is a 
constant that was varied until the model was fitted to the data (Nielson and Landel 
1994).  The model assumptions were that the fibres were rigid and homogeneously 
distributed in the flexible polymer (Nielson and Landel 1994). The data for reduced 
elongation at break using nanofibres indicated that the best fit for the model was 
obtained at 26.0m .  The model predicts that for optimal adhesion between fibre and 
the matrix a value of 31m should be obtained (Averous and Boquillon 2004).  In the 
case of the data used, since the value of m obtained was found to be close to 1/3 this 
indicates there was excellent bonding between the nanofibres and the starch matrix in 
the composite films. The nanofibre data for this model is a similar fit as that of 
crystalline cellulose microfibres (Averous and Boquillon 2004). 
Thermo-mechanical properties 
The dynamic mechanical thermal analysis (DMTA) test showed the variation of the 
viscoelastic behaviour of the soluble starch composites with nanofibre addition (Table 5).  
The storage modulus (E′25°C) and loss modulus (E″25°C) at 25°C both increased with 
increasing bagasse nanofibre content.  Composites with 20 wt% nanofibre showed an 
increase in E′25°C and E″25°C of 275% and 23% respectively.  The E′ value represents 
stiffness of the film, so the results indicate there is increased film stiffness. This result 
confirms the tensile result where the Young’s modulus increased with fibre loading.  The 
film stiffening with nanofibre addition is probably due to strong bonding interactions 
between the starch matrix and nanofibres.  
 An increase in temperature lowers both the E′ and E″ values of the film as it 
becomes softened (less stiff) with increased polymer chain mobility.  Polymer chain 
mobility continues to increase as the temperature increases until eventually the film  
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Table 5 DMTA properties of starch-nanofibre films (conditioned at 58%RH)* 
Nanofibre 
+
 
(wt%) 
E′
25°C
 
(MPa) 
E″
25°C
 
(MPa) 
T
g
 
(C) 
0.0% 502.6d 95.5c 58.0b 
2.5% 798.5c 99.0bc 77.0a 
5.0% 1163.7b 114.3ab 75.0a 
10% 1359.6a 127.6a 80.0a 
20% 1387.3a 117.6a 77.0a 
* Numerical values under each property with the same letters are not significantly different     
(P > 0.05) and values are the mean of at least 7 repeats. 
+
 nanofibre wt% based on starch weight 
reaches the Tg, (i.e. Tan δ = E′ /E″ peak) where it undergoes a sudden increase in 
softening.  At temperatures above Tg the increased film softening allows polymer chain 
crystallization to now begin to take place.   
The Tg value increased from 58 °C for film with 0 wt% fibre to 77 °C with the 
addition of 2.5 wt% nanofibre, while the maximum Tg of 80 °C was attained with 10 wt% 
fibre addition, shown in Table 5 (Figure 10). This coincides with the maximum 
composite strength shown previously to be at 10 wt% nanofibre addition, indicating 
optimal fibre bonding.  This may have contributed to the highest Tg value attained, due to 
effective nanofibre bonding with starch polymer chains, effectively restricting their 
movement producing the highest Tg.  However, another contributing cause for the 
increase in Tg is directly attributable to the decreased film moisture content, reducing the 
plasticizing effect of water in the starch matrix.  
It is desirable to have an increased Tg since this will prevent the film from 
recrystallising and becoming brittle at higher ambient temperatures.  Hence adding 
nanofibre to starch films improves the properties of the film by increasing the Tg.  The 
film stiffening and the higher Tg are probably due to increased bonding interactions 
between the starch matrix and the nanofibre.  This restricts the free volume of the starch 
polymer chain movement, and hence crystal formation.  
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Fig. 10  Tan δ vs temperature for the starch composites containing: 0.0, 2.5, 5.0, 10.0, 
and 20.0 wt% sugarcane bagasse nanofibres from top to bottom.  The tan δ peaks 
as indicated reveal the location of the glass transition temperature for each 
composite.   
 
FTIR analysis of starch-nanofibre films 
The FTIR spectra of the starch-nanofibre films showed only subtle changes 
associated with the increased fibre loadings compared with the starch-based film with no 
nanofibre (Fig. 11).  The peak for the O−H stretch of inter- and intramolecular interactions 
is located near 3280 cm
-1
; the 2924 cm
-1
 peak is for C−H stretching of methyl groups; the 
C=O carbonyl peak is at 1737 cm
-1
; the peak near 1645 cm
-1
 is likely due to the O‒H 
bending mode of adsorbed water (Liu et al. 2006; Mandal and Chakrabarty 2011; Pandey 
1999); the 1336 cm
-1
 peak is assigned to the C−H bending of CH2 groups (Mano et al. 
2003); the peak at 1150 cm
-1
 is attributable to the C−O stretching vibrations of C−O−H 
groups.(Jiang et al. 2011; Wu et al. 2010); around 995 cm
-1
 the peak is the C−O bond 
stretching vibration of the C−O−C group in the anhydroglucose ring (Dai et al. 2008; 
Jiang et al. 2011; Wu et al. 2010).  Starch also has a prominent band at 926 cm
-1
 due to  
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Fig. 11  FTIR spectra of the starch composite films with 0 and 10 wt% sugarcane 
nanofibre from bottom to top (normalised on 926 cm
-1
 peak)  
the C−O−H bending and CH2 related modes (Jiang et al. 2011; van Soest et al. 1995). The 
peak at 860 cm
-1
 is related to C−O−C symmetrical stretching and C−H deformation.(van 
Soest et al. 1995)  
The FTIR spectrum of the starch polymer film reinforced with sugarcane bagasse 
fibre although not showing much change from the unfilled starch film spectrum (Fig. 11) 
the absorption peak heights were increased for the film not containing fibre, since the 
film moisture content is increased showing increased bonding activity.   The broadening 
and increase in absorbance of the 3286, 1645 and 1015 cm
-1
 peaks is evident of the 
increased number of oscillation modes associated with the C-OH bond due to increased 
film moisture (García et al. 2009; van Soest et al. 1995).  
FTIR subtraction Spectrum 
To gain insight into the nanofibre-starch composite film spectra, the FTIR 
spectra of the starch composite film, not containing fibre, was subtracted from the starch-
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fibre film containing 10 wt% nanofibre (Fig. 12).  Both spectra were normalised on the 
926 cm
-1
 peak before spectral subtraction, so that peak heights between spectra could be 
compared.  The 926 cm
-1
 peak was selected for normalising, because it was located close 
the peaks to be compared and also is not present in the nanofibre cellulose spectrum (Liu 
et al. 2006; Mandal and Chakrabarty 2011; Zhao et al. 2008).  Spectral subtraction may 
unmasked the underlying nanofibre spectrum as well as any starch peak absorption 
enhancements due to nanofibre-starch bonding interactions. The result of spectral 
subtraction (Fig. 12) showed mostly positive peaks, indicating there are enhanced 
bonding interactions occurring between the nanofibres and starch matrix.  The strongly 
negative peaks (1017 and 995 cm
-1
) were caused by the higher amplitude of the moisture 
sensitive peaks in the starch film, due to this film containing 14% moisture compared 
with the nanofibre-starch film that contained only 12 wt% moisture (Fig. 12) (García et 
al. 2009; van Soest et al. 1995).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12 FTIR spectrum result from subtracting the starch film spectrum not containing 
nanofibre from that containing 10 wt% nanofibre 
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Two of the signature peaks for cellulose at 1159 and 897 cm
-1
 are revealed after 
the starch spectrum was subtracted from the nanofibre film spectrum.  In addition two 
enhanced starch-based peaks at 862 and 771 cm
-1 
are preset (Fig. 12) indicating increased 
bond interactions between the nanofibre and starch matrix.  To a lesser extent the starch- 
based film peak at 1336 cm
-1
 also shows enhancement.  In fact all three starch-based 
peaks showed up as strongly positive peaks in all of the subtraction spectra for the starch-
fibre composites indicating further enhanced bonding taking place between the starch 
matrix and nanofibres.    
Mixing Rule 
According to the mixing rule, the overall component film property is determined 
by the sum of the volume fraction of each component multiplied by the property of each 
component to give the overall property.  In the case of the starch-nanofibre film, the 
wavenumber for the O-H vibration for 100 wt% nanofibre is 3310 cm
-1
, whereas for the 
100 wt% starch film, it is 3278 cm
-1
.  Therefore according to the mixing rule the 
wavenumber should vary in direct proportion to the nanofibre content of the film 
indicated by the dashed line Fig. 13 (b).  However, the wavenumber shifts more rapidly by 
approximately twice that predicted by the mixing rule, shown by the solid line in Fig. 13 (a).   
The linear increase in wavenumber shift occurs in films having up to 10 wt% (0.7 
volume fraction) nanofibre added, is far larger than expected according to the mixing rule. 
However, there is a large drop in wavenumber shown for film with 20 wt% (0.125 volume 
fraction) nanofibre added that is far below that predicted by the mixing rule (Fig. 13). The 
increase in the wavenumber shift indicates there is some type of chemical interaction 
taking place between the nanofibre and the starch film matrix for films containing at least 
up to 10 wt% nanofibres.   The drop in wavenumber at 20 wt% nanofibre coincides with 
a decrease in the film strength and therefore reflects a decrease in bonding interaction 
between fibre and starch matrix. This decrease in strength may be caused by overloading 
the film with fibre causing the fibres to agglomeration by bonding with each other rather 
than the starch matrix. This seems a common problem in reinforcement of starch films 
with lignocellulose fibre (Prachayawarakorn et al. 2010; Vallejos et al. 2011).         
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Fig. 13  FTIR Spectral peak shift of the O-H bond stretching peak located between 3278 and 
3310 cm
-1
 showing: (a) data trend line for first 4 data points and (b) the mixing rule 
line (dashed line). The 5
th
 data point (20 wt% nanofibre) is also displayed      
There is less moisture in the pure nanofibre film than the starch film that does not 
contain any nanofibre, and this may slightly affect the calculation for the mixing rule 
derived in Fig. 13 (b).  However, the linear increase in wave number for films containing 
up to 10 wt% nanofibre indicates a correlation with the increasing film strength.    
SEM of nanofibre film 
 
The SEM micrographs of the nanofibre films (Fig. 14) show that the nanofibres 
are wetted by the starch matrix and bridging is revealed along the stress fractures of the 
film after tensile testing.  It appears that the fibres are well attached to the starch matrix 
and pulls the film out of shape where the fibre is attached while under stress indicated in 
Fig. 14 (a) along the stress crack.  After the fibre has broken off there is minimal pull-out 
shown by the small cylindrical nanofibre ends.  These are shown to be only slightly 
protruding from the fractured film surface in Fig. 14 (b).    
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Fig. 14 SEM of the 10% nanofibre film showing: (a) nanofibres bridging along stress 
crack during tensile testing (arrows); (b) only a minimal fibre pull-out after 
breakage (circled cylindrical nanofibre broken ends). 
Conclusion  
 
Sugar cane bagasse nanofibres (average diameter 26.5 nm; aspect ratio 247) 
derived from unbleached pulp, slightly decreased the moisture content of starch films, but 
doubled the tensile strength and tripled the Young’s modulus.  These tensile test results 
are slightly higher than those obtained by wheat grass nanofibre composites (Alemdar 
and Sain 2008a) but similar to those of flax nanocrystals (Cao et al. 2008) or bacterial 
nanofibres (Wan et al. 2009).  However, the strength of the nanofibre composite 
decreased at fibre loadings above 10 wt%.  This may be caused by fibre agglomeration 
and entanglement due to the sugar cane bagasse nanofibre having a high aspect ratio.  
 
The sugarcane nanofibre composite results are significantly higher than the films 
obtained with microfibers reported by previous workers.  The increased bonding surface 
area of the nanofibre compared to microfibres assists in the bonding between the starch 
polymers and the unbleached sugar cane bagasse nanofibres.  Models for fibre composite 
films did not predict the initial increase of strength or modulus values due to the 
increased nanofibre bonding at low fibre loadings.  This may be due to formation of a 
continuous nanofibre network at low nanofibre loadings.  The DMTA results showed 
increased Tg, E’ and E’’ with fibre addition which complemented the tensile testing 
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results, by indicating improved stiffness, as a result of the addition of nanofibres.  There 
was a slight decrease to the on-set of thermal decomposition for the starch-nanofibre 
films compared to the neat starch film.  However, the maximum thermal degradation 
temperature occurred at slightly higher temperatures than the starch film on its own.  
 
Both microscopic (FTIR) and macroscopic (SEM) analyses provided evidence of 
the strong interactions that existed between starch and bagasse nanofibres.  The SEM 
micrographs revealed that the nanofibres are well wetted by the starch matrix, and 
showed that the fibres are strongly attached to the starch matrix since it pulls the matrix 
out of shape where the fibre is attached during tensile testing.   
 
Results showed that the starch composites reinforced with sugar cane bagasse 
nanofibre have a potential application in biodegradable packaging and biocomposite 
medical science (Alemdar and Sain 2008a).      
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